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Abstract : 
The western Iberian margin has a complex morphology controlled by both geological and 
oceanographic processes. Compared to the submarine canyons in the southern part of this margin (e.g. 
Nazaré and Setubal), the canyons in the northern part (e.g. Ferrol and A Coruña) have received little 
attention. This study maps the geomorphological features around the Ferrol canyon head and combines 
them with oceanographic observations to infer the sedimentary and oceanographic processes active in 
this area. Furthermore, the occurrence of a cold-water coral (CWC) mini-mound province near the canyon 
head and the Ortegal Spur pockmark field is investigated with regard to seepage processes, oceanographic 
conditions and anthropogenic impact. 
The Ferrol canyon head and outer Ortegal Spur are characterized by erosional (erosional and abraded 
surfaces, contourite channels and furrows), depositional (contourite drifts and sediment waves) and 
mixed (contourite terrace) features, indicating a dominant control of bottom currents on the sedimentary 
processes. Bottom currents are related to the interaction of the canyon head topography with both the 
Mediterranean Outflow Water (MOW) slope current and with M2 internal tides associated to the interface 
  
(pycnocline) between Eastern North Atlantic Central Water (ENACW) and MOW. Due to this interaction, 
the Ferrol canyon head is subject to active sediment resuspension and forms a potential source area for 
the intermediate nepheloid layers along the NW Iberian upper slope. 
The CWC mini-mounds (1.9-2.7 m high and 75-141 m in diameter) occur between 400-560 m depth. 
Seismic facies signatures indicative of fluid-flow and morphometric analysis implies that larger CWC mini-
mounds adjacent to the pockmark field initiated by colonization of pre-existing pockmarks, while smaller 
more clustered mounds developed independently. The observed mini-mounds are relict features likely 
related to their position outside of the contemporary ENACW-MOW interface which favours CWC growth 
through (1) increased bottom currents, enhancing food supply and (2) the presence of a potential density 
envelope σθ = 27.35-27.65 kg/m3, proposed to control coral larvae transport along the NE Atlantic margin. 
Alternatively, the lack of contemporary coral growth might be related to habitat destruction by bottom 
trawling. However, a preliminary age constraint reveals CWC growth occurred during the early Holocene, 
coeval to relict CWC mini-mounds near canyon heads on the Armorican margin. Their existence suggests a 
regional shift in the NE Atlantic density profile where the ENACW-MOW interface occurred up to 200 m 
above its contemporary position. 
 
Keywords: submarine canyon processes, bottom currents, Mediterranean Outflow Water, internal tides, 
cold-water corals, pockmarks, NW Iberian margin 
1. Introduction 
Submarine canyons provide the main pathway for sediment transport between the shelf and the deep 
ocean by turbidity currents, hyperpycnal flows, slope failures, dense shelf water cascading or by focusing 
of internal waves, causing resuspension and creating bottom nepheloid layers (BNLs) and intermediate 
nepheloid layers (INLs; e.g. Allen & Durrieu de Madron, 2009; Puig et al., 2014). On the western Iberian 
margin, major canyons that intersect the entire continental slope are only found in the southern sector 
(e.g. Nazaré and Setubal) where they intercept sediment transport across the shelf and upper slope and 
provide a direct conduit to the deep ocean (de Stigter et al., 2007; Oliveira et al., 2007; Arzola et al., 2008). 
In contrast, the canyons in the northern sector (e.g. Ferrol Canyon and A Coruña), do not reach the shelf 
but rather incise a series of marginal platforms on the upper slope (Maestro et al., 2013). Their role in 
  
contemporary sediment transport has not been reported in literature. Along the NW Iberian margin, 
water column turbidity studies have indicated that modern sediment delivery to the deeper ocean is 
mainly derived from primary production in the surface nepheloid layer (SNL) and by settling from INLs 
(Hall et al., 2000; McCave & Hall, 2002; van Weering et al., 2002). A shallow INL occurs at 100-300 m 
water depth as a result of shelf edge resuspension and off-shelf transport (McCave & Hall, 2002). A deeper 
INL at 500-800 m results from resuspension by the interaction of the upper slope topography with the 
northward flowing Mediterranean Outflow Water (MOW) and/or internal waves and tides associated with 
the pycnocline at the interface between the Eastern North Atlantic Central Water (ENACW) and the MOW 
(McCave & Hall, 2002). The importance of this process is illustrated by the sediment distribution on the 
NW Iberian margin. The lower slope is dominated by calcareous muds while the upper slope is 
characterized by an increased terrigenous content with coarser grainsize or even rocky outcrops 
indicating the absence of modern sediments (Flach et al., 2002; van Weering et al., 2002). The MOW slope 
current also plays an important role in the along-slope redistribution of sediment as evidenced by the 
presence of several large contourite depositional systems (CDS) along the Iberian margin (Hernández-
Molina et al., 2011; Hanebuth et al., 2015; Llave et al., 2015). In particular, the Ferrol and A Coruña 
submarine canyons are influenced by the Ortegal CDS (Hernández-Molina et al., 2011; Maestro et al., 
2013; Llave et al., 2015; Hernández-Molina et al., 2016) 
A new province of cold-water coral (CWC) mini-mounds was described around the Ferrol canyon head 
(Hernández-Molina et al., 2010) and adjacent to the Ortegal Spur pockmark field (Jané et al., 2010). CWC 
mounds are constructed by framework building scleractinian corals like Lophelia pertusa and Madrepora 
oculata that have the ability to baffle sediment and over time, develop carbonate mounds (Freiwald et al., 
2004; Roberts et al., 2006). Historically, CWC’s were thought to rely on hydrocarbon seepage for their food 
supply, based on their reported co-occurrence with seepage related structures (Hovland & Thomsen, 
1997; Henriet et al., 1998; Henriet et al.; Hovland & Risk, 2003; Hovland, 2005). However, the isotopic 
carbon signature of coral tissue and skeleton excludes a seepage-based food chain and indicates food 
particles are derived from surface primary productivity (Duineveld et al., 2004; Kiriakoulakis et al., 2005; 
Duineveld et al., 2007). Instead, the co-occurrence is likely related to methane-derived authigenic 
carbonates formed in seepage sites (Friedman et al., 1988; Hovland & Judd, 1988; Boetius et al., 2000; 
  
Greinert et al., 2001; Magalhães et al., 2012) which offer suitable hard grounds for coral colonisation 
(Kellogg et al., 2009; Wehrmann et al., 2011; Magalhães et al., 2012; Somoza et al., 2014). 
Along the NE Atlantic margin, CWC provinces predominantly fall within a narrow depth range (500-
1000 m) characterized by the permanent thermocline (White & Dorschel, 2010). Vigorous bottom 
currents, resulting from the interaction between the steep continental slope and internal motions 
associated with the steep vertical density gradient at this water depth interval, are thought to create 
favourable conditions for CWC mound development (White & Dorschel, 2010; Mohn et al., 2014; van 
Haren et al., 2014). The filter-feeding corals benefit from this dynamic environment as it enhances the 
delivery of food particles to their polyps while preventing the corals from being smothered by fine 
sediment (White et al., 2005; Duineveld et al., 2007; Mienis et al., 2007; White, 2007). This hydrodynamic 
regime also influences sedimentary processes and CWC mounds are often found in association with INLs 
and BNLs (Mienis et al., 2007; White & Dorschel, 2010; Huvenne et al., 2011) and contourite related 
features (Huvenne et al., 2009b; Van Rooij et al., 2009; Hebbeln et al., 2016). Furthermore, the potential 
density envelope σθ = 27.35-27.65 kg/m3 present at permanent thermocline depth seems to exert some 
control over the distribution of live L. pertusa along the NE Atlantic margin and it has been hypothesised 
to govern coral larvae transport (Dullo et al., 2008; Flögel et al., 2014; Rüggeberg et al., 2016). 
Interestingly, the CWC mini-mound province at the Ferrol canyon head, as well as provinces of similarly 
sized mound at the head of submarine canyons on the Celtic (Stewart et al., 2014), Armorican (De Mol et 
al., 2011) and Cantabrian (Sánchez et al., 2014) margins occur at shallower (250-500 m) water depth, 
above the permanent thermocline. These provinces appear devoid of modern coral growth but as of yet, it 
is unknown if this is caused solely by a change to unfavourable environmental conditions or by bottom 
trawling activity destroying the reef habitat (De Mol et al., 2011; Sánchez et al., 2014; Stewart et al., 2014). 
This work describes the geomorphological features and the oceanography of the Ferrol canyon head 
and the outer Ortegal spur with the aim to: (1) document and explain the interactions between the 
sedimentary and oceanographic processes active in and around the canyon head; (2) characterize the 
CWC mini-mounds and examine the relationship between coral occurrence and seepage processes, 
oceanographic conditions and anthropogenic impact. Finally, (3) the palaeoceanographic implications of 
this mini-mound province are briefly discussed. 
  
2. Regional setting 
The study area lies approximately 30 km off the coast of Cabo Ortegal, at the NW corner of the Iberian 
Peninsula between 200-1030 m depth. It is located on the western part of the Ortegal Spur, a marginal 
platform on the upper continental slope of the NW Iberian margin (Fig. 1a). The western part of the 
platform is deeply incised by the head of the Ferrol and A Coruña submarine canyons. 
2.1 Geological setting 
The Ortegal Spur originated from a continental-rifting phase related to the opening of the Atlantic 
domain during the Late Jurassic through Early Cretaceous (Williams, 1975; Knott et al., 1993). By the Late 
Cretaceous it had gradually changed into a passive margin with the onset of oceanic crust formation in the 
Bay of Biscay (Boillot et al., 1987). In the Early Cenozoic, a convergence between the Eurasian and Iberian 
plate provoked a reactivation of the rift structures and a partial southward subduction of the Bay of Biscay 
seafloor beneath the Iberian margin. This resulted in inversion of normal faults causing tectonic 
deformation of the Mesozoic basement and the overlying upper Eocene limestone during the Eocene and 
emergence of the margin during the Oligocene (Boillot et al., 1979). In the late Paleogene and Neogene the 
northern Iberian margin was again submerged (Boillot et al., 1979) coeval with an active subsidence stage 
and Neogene sediments were deposited in a relatively deep depositional environment (Boillot et al., 
1987). The overlying Pliocene to Quaternary deposits have an irregular distribution and were deposited 
on a glacially influenced margin (Weaver et al., 2000; Mojtahid et al., 2005) where sediment transfer 
mainly took place downslope through submarine canyons (Bourillet et al., 2006; Gaudin et al., 2006; 
Gonthier et al., 2006). Locally, bottom current processes play an important role in shaping the margin but 
their occurrence is controlled by glacio-eustatic sea level changes (Ercilla et al., 2008; Hernández-Molina 
et al., 2011; Maestro et al., 2013; Llave et al., 2015; Hernández-Molina et al., 2016). 
2.2 Oceanographic setting 
Two different water masses are present in the study area: the Eastern North Atlantic Central Water 
(ENACW) the Mediterranean Outflow Water (MOW; Pollard et al., 1996; Fiúza et al., 1998; Van Aken, 
2000). The ENACW forms the upper water mass and is subdivided in the subtropical ENACWst (Θ ≥ 12.2° 
C, S ≥ 35.66; Harvey, 1982) situated between 100-400 m depth, and the subpolar ENACWsp (Θ ≥ 8.56° C, S 
≥ 35.23; Castro et al., 1998) between 400-700 m depth (Fiúza et al., 1998). During the summer upwelling 
  
season (April to September), the ENACWsp flows equatorward in the relatively weak Portugal Current 
(PC) and Portugal Coastal Current (PCC) and a subsurface front develops between the two modes of 
ENACW located off the coast of Cape Finisterre (Fig. 1b; Finisterre Front; Varela et al., 2005). During 
winter downwelling (October to March), the Iberian Poleward Current system (IPCs) develops, 
transporting ENACWst over the shelf and slope (Fig. 1b), displacing the front northward (Castro et al., 
1998; Peliz et al., 2005; Varela et al., 2005). The MOW is present between 600-1400 m depth and is 
characterized by high salinity (S ≥ 36.0) and relatively high potential temperature (Θ ≈ 11° C; Daniault et 
al., 1994; Fiúza et al., 1998; Iorga & Lozier, 1999a; Van Aken, 2000). It flows along the continental slope as 
a density driven slope current, conditioned by the Coriolis force and seafloor irregularities (Pingree & Le 
Cann, 1990; Diaz del Rio et al., 1998; Hernández-Molina et al., 2011). Along its path, its characteristic 
salinity decreases due to mixing with the surrounding water masses (Diaz del Rio et al., 1998; Iorga & 
Lozier, 1999a). Around the Galicia Bank, the MOW is thought to split up into two branches with one 
flowing west of the bank and the other, more saline one, flowing north along the Iberian continental slope 
(Fig. 1b). After reaching the study area, this branch turns to the east into the Bay of Biscay (Mazé et al., 
1997; Iorga & Lozier, 1999a). During summer upwelling, the MOW core is more tightly attached to the 
continental slope (Prieto et al., 2013) and is displaced upward-inshore through Ekman pumping (García 
Lafuente et al., 2008). In winter, the situation reverses, the MOW spreads out to the open ocean and flow 
reversals towards the equator occur (Friocourt et al., 2007; 2008; Prieto et al., 2013). The strong 
pycnocline at the interface between the ENACW and MOW (Fiúza et al., 1998) gives rise to baroclinic 
motions. Several authors have reported the generation of freely propagating internal tides with dominant 
semi-diurnal M2 frequency by the interaction of the barotropic tides with the NW Iberian slope (Azevedo 
et al., 2006; García-Lafuente et al., 2006; Pichon et al., 2013). At its lower boundary the MOW is influenced 
by mixing with the relatively cold (Θ ≈ 3.5° C) and fresh (S ≈ 34.89) Labrador Sea Water (LSW) which is 
present outside the study area at 1500 - 2000 m depth (Talley & McCartney, 1982; Fiúza et al., 1998). 
3. Material and methods 
The high-resolution seismic reflection profiles, swath bathymetry and backscatter intensity, 
oceanographic data, Remotely Operated underwater Vehicle (ROV) observations and coral sample used in 
this study, were acquired during three consecutive legs of R/V Belgica cruise 09/14 in May-June 2009. 
  
3.1 Seismic reflection profiling 
The high-resolution 2D single channel seismic reflection data (Fig. 2) were collected using a SIG 
sparker source (120 electrodes), a single channel surface streamer and Delph acquisition software. The 
trigger interval was set at 2 s, energy output at 500 J, sampling frequency at 8 kHz and record length at 
1900 ms two-way travel time (TWT). At greater water depths, the trigger interval was adjusted to 3 s and 
the record length was increased to 2900 ms TWT. The vessel velocity was kept at 4 knots using electrical 
propulsion for noise reduction. The seismic data was processed in RadExPro 2013.1 with a bandpass 
(Butterworth, low pass of 1500 Hz and high pass of 200 Hz), a swell and a burst noise removal filter as 
well as a spherical divergence amplitude correction. Visualization and interpretation was conducted with 
the KINGDOM suite 8.8 software. 
3.2 Multibeam echosounder 
The multibeam swath bathymetry (Fig. 2) and backscatter data (Fig. 3a) was collected with the 
shipboard Simrad EM1002 multibeam echosounder. The beam angle was set at 70° and average survey 
water depth at 750 m, keeping a 10-20 % overlap between swaths. The vessel velocity was kept between 
5 and 8 knots. The data was processed with IFREMER CARAIBES software release 3.4 and visualized using 
Fledermaus 6.7.0k Professional software and ESRI Arcmap 10.1. The bathymetric and backscatter data 
was gridded at a cell size of both 5 and 15 m. This data was combined with the seismic reflections profiles 
to construct a geomorphological map (Fig. 3b). The morphological features were classified according to 
literature (Hovland & Judd, 1988; Faugères et al., 1999; Rebesco & Camerlenghi, 2008; Stow et al., 2009; 
Rebesco et al., 2014) and grouped based on their origin into tectonic, erosional, depositional, mixed 
(erosional and depositional), mass wasting, fluid migration and biogenic features (Fig. 3b). 
The mini-mounds and pockmarks were mapped using the BGS Arcmap semi-automated feature 
mapping tool (Gafeira et al., 2015; De Clippele et al., 2016) based on a Bathymetric Positional Index (BPI) 
grid. BPI is a measure for the positioning of a reference location to the neighbouring locations. Positive BPI 
values indicate elevated regions, negative BPI indicate depressions and low to zero BPI indicate either flat 
areas or areas with constant slope. The analysis neighbourhood is scalable which allows to fine-tune the 
BPI grid to highlight small scale variations in the bathymetry (Weiss, 2001). Fine scale BPI grids were 
constructed from the 5 m resolution bathymetric grid using the Benthic Terrain Modeller extension 
  
(Wright et al., 2012). The analysis neighbourhood was defined as an annulus with an inner radius of 25 
grid cells (125 m) and outer radius of 50 grid cells (250 m). The threshold BPI and minimum feature BPI 
were both set to 1 for mounds and -1 for pockmarks. A minimum feature area of 100 m2 was set to 
prevent processing artefacts being mapped and a minimum width to length ratio of 0.1 was used to 
prevent elongated bathymetric features (e.g. ridges) from being mapped (Gafeira et al., 2015). Due to an 
error in sound velocity, part of the swath overlaps display a relict relief of up to 2 m, obscuring parts of the 
pockmarks and mini-mounds. This introduced errors in the feature outlines determined by the mapping 
tool and required manual editing. From the mapped feature outlines, morphological characteristics were 
measured. Subsequently, a morphometric approach was used to assess a potential genetic link between 
the pockmarks and mini-mounds. The identified features were divided into 3 groups: (1) pockmarks, (2) 
southern mini-mounds located to the southeast of the Ferrol canyon head, adjacent to the pockmark field 
and (3) northern mini-mounds located to the north of the Ferrol canyon head. Only morphological 
characteristics that would be preserved in the evolution from pockmarks to mini-mound were used in the 
analysis: mean diameter (mean of the width and length), width to length ratio, azimuth of the long axis 
and distance to the nearest neighbouring feature. These characteristics were then analysed using a non-
parametric multivariate statistical approach using R version 3.2.3. (RCoreTeam, 2015) with the vegan 
package (Jari et al., 2017). Principal Component Analysis (PCA; Davis, 1986) was performed on the 
standardized characteristics to visually assess differences between the different groups. One-way 
Permutational Multivariate Analysis of Variance (PERMANOVA; Anderson, 2001; McArdle & Anderson, 
2001) based on an Euclidean distance metric was applied to test for statistically significant differences 
between the groups. Initially, a permutational test (10000 permutations) over all groups was performed 
at a significance level of α = 0.05, followed by three pairwise tests to evaluate which pair of groups was the 
most similar/different. In the latter, a Bonferroni correction for multiple tests was applied resulting in a 
significance level α = 0.0167. 
3.3 ROV observations and coral sample 
Two ROV dives (Fig. 2) were conducted using a Sub-Atlantic Cherokee-type ROV “Genesis” guided by a 
Global Acoustic Positioning System (GAPS) in order to photographically groundtruth the mini-mounds 
observed on the swath bathymetry. A coral grab sample was collected from which three polyps were 
selected for U-Th dating. The samples were carefully cleaned in order to avoid contamination from 
  
possible Fe-Mn coatings, detrital sediments and remnants of organic tissue, following the procedures 
described in Copard et al. (2010). Powdered subsamples were passed through an X-ray diffractometer 
(XRD) at GEOPS (Geoscience Paris-Sud, Orsay, France) to insure against diagenetic recrystallization of the 
coral aragonite. Uranium and thorium isotopes were analysed at the Laboratoire des Sciences du Climat et 
de l’Environnement (LSCE) in Gif-sur-Yvette (France). After adding a triple 229Th 233U-236U spike in a 
Teflon beaker, the clean samples (ca. 200 mg) were dissolved with diluted HCl. U and Th were 
coprecipitated with Fe(OH)3, and then separated using UTEVA resin (Eichrom Technologies; Horwitz et 
al., 1992) in 3N HNO3. Uranium and thorium isotopes were determined simultaneously using a 
ThermoScientific NeptunePlus multicollector-ICP-MS fitted with a jet interface. The procedure (chemical 
separation and analysis) is detailed in Pons-Branchu et al. (2014). After the isotopic data was corrected 
for peak tailing, hydrate interference and chemical blanks, ages were calculated by iterative age 
estimation. 
3.4 Physical oceanography 
Two CTD casts (Fig. 2) were taken down to 1500 m at station B0914-CTD-1 and 450 m at station 
B0914-CTD-2 using a Seacat SBE-19 deep-water CTD profiler. Temperature, pressure and conductivity 
were recorded continuously and binned at 1 m resolution and salinity and potential density were derived 
with the SBE Dataprocessing software (v7.18c). The depth position of the different water masses was 
determined based on Θ -S mixing triangles between end-members of (1) ENACWst (Θ ≈ 12.2° C, S ≈ 35.66; 
Harvey, 1982), (2) ENACWsp (Θ ≈ 8.56° C, S ≈ 35.23; Castro et al., 1998), (3) MOW at Cape St-Vincent (Θ ≈ 
12.2° C, S ≈ 36.6; Ambar & Howe, 1979) and (4) LSW (Θ ≈ 3.5° C, S ≈ 34.89; Talley & McCartney, 1982; 
Cunningham & Haine, 1995). The MOW core was defined as water with > 40% fraction of MOW end 
member following García Lafuente et al. (2008). This data, collected in May 2009 was combined with 
World Ocean Database 2013 (WOD13) CTD data collected between 1990 and 1996 before the onset of  
seasonal upwelling (March to May; Varela et al., 2005; García Lafuente et al., 2008) to construct salinity 
and temperature profiles at the position of the reflection seismic data using Ocean Data Viewer (Fig. 4).  
In order to assess the interactions of M2 internal tides with the Ferrol canyon head topography, a map 
of the internal tide reflection condition     (Cacchione et al., 2002) was calculated. Here   is the slope of 
the topography and   is the angle of the characteristics (also called energy rays or beams) of the internal 
tides which is determined by: 
  
   
       
       
 
 
 
     
where   is the internal wave-frequency which for M2 internal tides is   = 0.081 cycles per hour (cph), 
             cph is the local inertial frequency at latitude  and  is the Brunt-Väisälä or buoyancy 
frequency: 
           
    
  
 
      
       
 
 
 
     
Here,       is the ocean vertical density gradient and             is the gravitational acceleration. 
A profile of the buoyancy frequency was derived from the CTD data by first smoothing the temperature 
and salinity profiles (binning at 10 m intervals and fitting a cubic spline) after which N was calculated 
using the Gibbs Seawater equation of state routine (TEOS10; IOS et al., 2010; Roquet et al., 2015) 
implemented in the “oce” R package (Dan & Clark, 2017). From this profile,   was calculated according to 
equation (1) and interpolated on every grid point of the 15 m gridded bathymetry map using ESRI Arcmap 
10.1 Spatial Analyst and the arcpy module. Finally, a slope map   was derived from the bathymetry data 
and averaged over 2000 m2 grid areas after which it was divided by the   grid to obtain the internal tide 
reflection condition map. 
4. Results 
4.1 Geomorphologic analysis 
4.1.1 Tectonic features 
The acoustic basement of the study area is characterized by a horst structure and a tilted block 
delimited by normal faults (Fig. 4a) with a WSW-ENE orientation (Fig. 3b; Boillot & Malod, 1988). The 
seismics reflections of the overlying units are tectonically deformed (Fig. 4). In the western part of the 
study area, these basement blocks crop out from below the Ortegal Spur marginal platform and form 
WSW-ENE oriented structural highs at the southern edge of Ferrol Canyon and to the north of the A 
Coruña Canyon (Fig. 3b). These basement outcrops are characterized by a rugged relief with steep slope 
angles (up to 40°) and high average backscatter intensity (~ -25 dB; Fig. 3a). In the northern part of the 
  
Ferrol canyon head and in the northern part of the Ortegal Spur marginal platform, similar WSW-ENE 
oriented structural highs occur in association with normal faults (Fig. 3b). Since no seismic profiles were 
collected over these features, they were classified as undefined basement outcrops. Several smaller WSW-
ENE oriented faults are also present throughout the SE of the Ortegal Spur marginal platform (Fig. 3b) and 
are associated with a minor offset of the deeper seismic reflections (Fig. 4). 
4.1.2 Erosional features 
Erosional and abraded surfaces 
The walls of the Ferrol and A Coruña canyon heads are formed by several erosional surfaces situated 
between 450-700 m depth (Fig. 3b). These erosional surfaces have high average backscatter intensity (-20 
to -28 dB; Fig. 3a) and their subsurface seismic appearance is characterized by truncated reflections (Fig. 
4b, 4c). The erosional surface at the A Coruña canyon head is 0.3-1.5 km wide and forms an escarpment 
with slope angles of up to ~ 20° (Fig. 3b). In the south, this escarpment has a SW-NE orientation and a 
height of ~ 20 m which gradually increases towards the SW. After changing direction to a SSW-NNE 
orientation it reaches a height of up to ~ 100 m (Fig. 4c) and is interrupted by the outcropping basement 
to the north (Fig. 3b). The erosional surface in the central part of the study area forms a 1.4 km wide E-W 
oriented escarpment with a slope angle of up to ~ 12° (Fig. 3b) on its southern end. To the north, it curves 
to a SW-NE orientation, broadens to ~ 5 km while the slope angle decreases to ~ 3° (Fig. 4b) before it 
eventually disappears below a drift (Fig. 3b). At the most proximal part of the Ferrol canyon head, the 
erosional surface has a relatively constant width of ~ 1 km and forms an escarpment with slopes angles of 
~8°. From south to north it first has a N-S orientation with height of ~ 40 m, then gradually becomes 
higher up to ~ 60 m as it changes to an E-W orientation (Fig. 3b). 
An abraded surface occupies the central part of the Ferrol canyon head, between 550-1000 m depth 
(Fig. 3b). Compared to the smooth erosive surfaces, it has an irregular relief characterized by furrows that 
truncate the seafloor-parallel reflections of the deeper strata (Fig. 4b). It is characterized by high average 
backscatter intensities (-22 dB; Fig. 3a) and a relatively low average slope angle of ~ 3°, although 
significant local variation in backscatter intensity and slope occur. 
Channels 
  
The area hosts several slope-parallel to slope-oblique oriented channels associated with contourite 
drifts, termed “contourite channels” or “moats”. Most noticeable are the moats that run along the base of 
the escarpments formed by the erosional surfaces (Fig. 3b). They closely follow the shape of the erosional 
surface as it changes orientation (Fig. 3b) and are characterized by similar backscatter values (-20 to -28 
dB; Fig. 3a). In cross section, the moats have an asymmetric V-shape with the steeper wall facing 
basinward, truncating the reflections that constitute the Ortegal Spur marginal platform (Fig. 4c). A 12 km 
long moat up to ~ 700 m wide and ~ 30 m deep occurs near the A Coruña canyon head (Fig. 3b, 4c). In the 
central part of the study area, a 4 km moat with limited width ~ 100 m and depth ~ 1 m is developed (Fig. 
3b). The largest moat of up to ~ 20 km long, ~ 600 m wide and ~ 14 m deep is located at the base of the 
Ferrol canyon head walls and evolves from an along-slope orientation to a slope-oblique orientation as it 
follows the erosional surface (Fig. 3b). Several smaller contourite channels with an orientation 
perpendicular to the overall slope trend run along the base of the WSW-ENE oriented structural highs 
formed by the outcropping basement or the abraded surface (Fig. 3b) and incise into the basement and 
the overlying strata (Fig. 4a). 
On the Ortegal Spur marginal platform at shallower (450-600 m) water depths, a cross-slope oriented 
U-shaped channel occurs at the edge of the study area along the base of a SW-NE oriented outcropping 
basement block (Fig. 3b). This channel is not associated with an apparent contourite drift and was not 
classified as a contourite channel. The absence of seismic data in this area did not allow further 
investigation of this feature and hence it was not discussed. 
Furrows 
The abraded surface and the outcropping basement between 550-1000 m depth are incised by many 
rectilinear to sinusoidal furrows which are predominantly parallel to the slope, although furrows oblique 
and even perpendicular to the overall slope also occur (Fig. 3b). The furrows exhibit very high average 
backscatter intensities (-20 dB) with occasional lower backscatter intensity (-30 dB) patches on their 
basinward rim (Fig. 3a). In cross section they display V to U shaped incisions that truncate the seismic 
reflections on their walls (Fig. 4b) They are between 0.4-7 km long, 100-300 m wide and incise the 
stratigraphy up to ~ 80 m deep (Fig. 3b). 
Blind valley 
  
At the SW edge of the Ortegal Spur marginal platform, immediately overlying a large normal fault 
associated with a basement horst structure, a blind valley is identified (Fig. 3b). The valley has slopes of 
up to ~ 10° which exhibit a higher backscatter intensity (~ -25 dB) than the surrounding seafloor (~ -30 
dB) and the channel axis (~ -30 dB; Fig. 3a). It has a V-shaped cross section which cuts the underlying 
reflections (Fig. 5c). Near its head, it is about 300 m wide and 4 m deep but widens to 1000 m and deepens 
to 7 m and near the edge of the sedimentary platform where it ends onto the erosional surface. 
4.1.3 Depositional features 
Contourite drifts 
Contourite drifts, lenticular shaped sediment bodies with an upwardly convex geometry, smooth 
topography and low average backscatter values (-30 dB; Fig. 3a) occur throughout the study area between 
450-1300 m depth(Fig. 3b). They are subdivided into four types: Mounded elongated and separated drifts, 
confined drifts, mounded patch drifts, and plastered drifts. 
Two mounded, elongated and separated drifts exist downslope from the moats at the base of the 
erosional surfaces (Fig. 3b). In cross section, they are characterized by mounded stratified high amplitude 
reflections displaying an upslope progradation (Fig. 4c). As the deposit extends basinward, it decreases in 
thickness (Fig. 4c). The largest such drift is present near the A Coruña canyon head and is ~ 20 km long 
and ~ 5 km wide. Noticeably, the drift closely follows the changes in the orientation of the topography and 
continues to the west, outside the study area (Fig. 3b). The eastern edge of the drift has a crest of 8 m 
above the moat and it gradually becomes higher towards the west with a maximum of 40 m. In the central 
part of the area, a smaller separated mounded drift is present, elongated along the SW-NE oriented 
erosional surface (Fig. 3b). It is ~ 6 km long and ~ 5 km wide and has an elevation of about 2 m at the drift 
crest. It decreases in height towards the NW until it disappears where the erosional surface broadens (Fig. 
3b). 
In the Ferrol canyon head, two confined drifts are delimited by contourite channels running along the 
base of the steep erosional surface and the structural highs formed by the outcropping basement (Fig. 3b). 
They have a mounded morphology which is most defined adjacent to the channels on their western and 
northern boundary (Fig. 3b). The confined drift located along the N-S oriented erosional surface is ~ 3 km 
wide and ~ 6 km long and reaches an elevation of 5 m along the channels on its northern and western 
  
edge. The northern most confined drift is ~3 km wide, ~ 8 km long and reaches an elevation of up to ~ 20 
m adjacent to the moat at the base of the E-W oriented erosional surface (Fig. 3b). 
Two small mounded patch drifts of ~ 1.5 km wide and ~ 2 km long with a crest elevation of ~ 10 m are 
deposited on the abraded surface and are laterally connected to a larger plastered drift (Fig. 3b). This 
plastered drift is located at 460-640 m depth on the broad erosional surface and outer Ortegal Spur 
platform along an EW-oriented contourite channel (Fig. 3b). In cross section it exhibits low mounded, high 
amplitude reflections that prograde downslope towards the channel (Fig. 4a). The drift is ~ 4 km wide and 
~ 7 km long and is elongated in an E-W direction. Its crest has an elevation of ~ 20 m above the moat. 
Sediment waves 
On the surface of the confined drift in the Ferrol canyon head, a sediment wave field is present at 580-
670 m depth (Fig. 3b). The asymmetric waves are oriented perpendicular to the slope with the lee side 
pointing in the upslope direction. Some of the wave lee sides are characterised by higher average 
backscatter intensity (-20 dB; Fig. 3a). The waves have a wave height of ~ 1 m, a wavelength of ~ 400 m 
and narrow, relatively straight crests of 0.6-2 km long. 
4.1.4 Mixed (erosional and depositional) features 
The most noticeable feature of the study area is the large contourite terrace which forms the upper 
slope part of the Ortegal Spur marginal platform between 200-600 m depth (Fig. 3b). Its landward 
boundary is not defined as it lies outside the study area but likely coincides with the shelf break at ~ 200 
m depth. Its basinward boundary is formed by the steep erosional surfaces. To the south of the Ferrol 
canyon head, this terrace reaches a width of up to 20 km and dips toward the NW while to the north of the 
Ferrol Canyon it dips towards the SW (Fig. 3b). The upper part of the terrace reaches down to 500 m 
depth, has a slope angle of 0-2° and is characterized by a high average backscatter intensity (-38 dB; Fig. 
3). Its subsurface seismofacies consists of high amplitude seafloor-parallel to chaotic reflections which fill 
in the topography of the tectonically deformed strata below (Fig. 4, 5a, 5b), indicating a dominant 
depositional regime. In contrast, the outer part of the terrace has a steeper slope angle of 2-4° and a higher 
average backscatter intensity of -28 dB (Fig. 3a). It has a variable width of 1-5 km and its seismofacies is 
characterized by truncated reflections (Fig. 4, 5c) indicating a dominant erosional regime. In the central 
part of the study area, the erosional surface broadens and the lower boundary of the terrace is not well 
defined. Here, the outer part of the terrace is covered by a plastered drift (Fig. 3b, 4a). 
  
4.1.5 Mass wasting features 
Mass wasting deposits are uncommon in the study area with the exception of a slide scar and slump 
deposit at the edge of the A Coruña Canyon axis which occurs just to the south of the study area (Fig. 3b). 
The slide scar is ~ 7 km long and up to ~ 30 m high and has a complex shape with several amphitheatre 
shaped subsections (Fig. 3b). 
4.1.6 Fluid migration features 
In the eastern and south-eastern part of the study area between 250-450 m depth, 55 pockmarks, 
circular to oval seafloor depressions occur (Fig. 3b). They are part of a larger pockmark field on the 
Ortegal Spur, which extends towards the east outside the study area (Jané et al., 2010). Their 
morphological characteristics (Table 1) fall within standard pockmark dimensions (Pilcher & Argent, 
2007) and are in agreement with those derived for the entire Ortegal Spur pockmark field (Jané et al., 
2010). These features have low average backscatter intensities (-37 dB) although some exhibit higher 
intensity (-30 dB) patches on their rim and slopes (Fig. 3a). 
On the seismic profiles, the pockmark are characterised by seafloor depressions which truncate the 
uppermost reflections and in some cases, an elevated rim is observed (Fig. 5a, 5b). Several acoustic 
anomalies related to fluid migration occur in the underlying strata (Fig. 5a, 5b): vertical dim and wipe out 
zones, bright spots, dim spots and intra-sedimentary doming (Hovland & Judd, 1988; Løseth et al., 2009). 
4.1.7 Biogenic features 
On the Ortegal Spur, 171 small circular mounded features occur both to the north of Ferrol canyon 
head (“northern mini-mounds”) as well as to the south-east of the canyon head (“southern mini-mounds”), 
adjacent to the pockmark field. They are present between 400-550 m depth on both the depositional and 
erosional part of the contourite terrace (Fig. 3b). The mini-mounds on both side of the canyon have 
different morphological characteristics (Table 1). The southern mini-mounds have a larger diameter and a 
more dispersed distribution while the more numerous northern mini-mounds are smaller and more 
clustered. Mound height and slopes are relatively similar with slightly higher values for the southern mini-
mounds (Table 1). The mounds display average backscatter values of -27 dB and they thus turn up as 
brighter dots on the low backscatter (-38 dB) depositional region of the terrace (Fig. 3a, 6). On the 
erosional, outer part of the terrace with higher average backscatter intensity (-28 dB), the mounds display 
  
a high backscatter centre (-27 dB) with a low backscatter rim (-35 dB; Fig. 3a). Some circular high 
backscatter patches, not associated with seafloor elevations, are apparent however they were not 
interpreted as mini-mounds. 
On the seismic profiles, the southern mini-mounds exhibit small elevations of the seafloor reflection 
without any subsurface expression (Fig. 5c, right mound). However, in some of the mounds, the 
underlying strata display several acoustic anomalies related to fluid flow (Løseth et al., 2009): vertical dim 
zones, discontinuities and dim spots (Fig. 5c, left mound). Pull-up of the reflections below the mound 
indicates a local increase of sound velocity within the mini-mound. No seismic profiles were acquired over 
the northern mini-mounds.  
The seafloor facies of the mini-mounds was characterized by bioturbated mixed bioclastic and 
siliciclastic sand with scattered coral rubble (Fig. 6a, 6c). The coral rubble consisted predominantly of 
fossil L. pertusa branches as well as large, mostly buried coral framework (Fig. 6a). Although the off-
mound areas were not extensively explored, the area between and at the edge of the mounds was devoid 
of coral rubble, consisting only of mixed bioclastic and siliciclastic sands (Fig. 7b, 7c). Sedimentary bed 
forms related to bottom currents were not observed. Although the fossil L. pertusa rubble was abundant, 
no living scleractinians were observed. U-Th dating of a large coral sample revealed it developed between 
9.64-9.34 ± 0.03 ka BP (Table 2). Low 232Th concentrations (< 0.4 ppb; Table 2), within the range of well-
cleaned modern corals (0.1-2.4 ppb; van de Flierdt et al., 2010) indicate that the cleaning method was 
successful in removing contaminants. Furthermore, δ234Uo values are within the 5 ‰ range criterion 
(Dutton & Lambeck, 2012) of modern sea water (146.8 ± 0.1 ‰; Andersen et al., 2010) used as a 
reference for the detection of closed system behaviour of the coral and hence these ages are considered to 
be reliable (Table 2). 
4.2 Morphometric analysis of mini-mounds and pockmarks 
The principal component analysis indicates that the morphological characteristics of the southern 
mini-mounds and the pockmarks form largely overlapping clusters (Fig. 7), indicating similarity in the 
feature morphology. However, the pockmarks seem to have a slightly more elongated shape (smaller 
width to length ratio) and a smaller azimuth of the elongated axis. The characteristics of the northern 
mounds, even though largely overlapping with the other features, are clearly different (Fig. 7). This 
  
difference is captured by the first principal component that loads primarily on the nearest neighbour 
distance and mean feature diameter, indicating that the northern mounds are both smaller in size and 
more clustered compared to the other groups (Fig. 7). The PERMANOVA test over all groups indicates a 
highly significant difference in morphological characteristics between at least one pair of the feature 
groups (Table 3). Follow-up pairwise tests indicate that, considering a Bonferroni correction of the 
significance level α = 0.0167, the morphological characteristics of the pockmarks and southern mini-
mounds are not significantly different (Table 3). In contrast, a highly significant difference results from the 
comparison of both pockmarks with northern mini-mounds and northern with southern mini-mounds 
(Table 3). 
4.3 Oceanography 
4.3.1 Water masses and their interfaces 
The collected CTD data is displayed in Fig. 8. The seasonal thermocline was observed around 75 m 
depth. At the shallow station (CTD2 in Fig. 2, dashed line in Fig. 8) between 75-400 m, the temperature 
and salinity decreased from 12.5° C to 11.4° C and 35.75 to 35.65 respectively. Below, the salinity 
increased to 35.7 at bottom of the station (450 m depth) while temperature remained constant. At the 
deep station (CTD 1 in Fig. 1, full line in Fig. 8), the water column between 75-500 m depth was 
characterized by similar salinity (35.6-35.7) and temperature (11-12° C.) values. A salinity minimum was 
observed at 500 m depth, below which salinity increased reaching a maximum of 36.1 at 900 m (Fig. 8a). 
The temperature reached a local minimum of 10.6° C around 650 m depth below which it increased to a 
local maximum of 11.4° C at 800 m. Between 800-1150 m depth, temperature and salinity remained 
within a narrow T-S envelope (10.5-11.5° C and 36.0-36.1). Below, both temperature and salinity 
decreased to 7.6° C and 35.6 respectively at the bottom of the station (1500 m ; Fig. 8a).  
Θ -S mixing triangle calculations (Fig. 8b) indicate that ENACW occupied the water column between 
75-600 m depth at the deep site (CTD1) and was the only water mass observed at the shallow site (CTD2). 
The MOW core was observed between 740-1470 m depth (dark grey zone in Fig. 8). The depth interval 
600-740 m corresponded to a mixing zone between the ENACW and the MOW where the contribution of 
MOW changed from 20% to 40% (light grey zone in Fig. 8). Although LSW was not observed in the study 
area, its influence increased from 0.5 % to 45 % between 1150-1500 m depth where it mixed with the 
  
lower MOW boundary. The pycnocline and hence the maximum in buoyancy frequency occurred between 
500-900 m depth and corresponds to the lower ENACW, the ENACW-MOW mixing zone and the upper 
MOW core (Fig. 8c). These results were collected in May before seasonal upwelling sets in and are 
generally consistent with the March to May WOD13 data (Fig. 4) and results from García Lafuente et al. 
(2008). 
4.3.2 Internal tide topography interaction 
The ratio of the slope of the topography   to the angle of the characteristics of M2 internal tides   
(equation 1) determines how the characteristics will be reflected upon interaction with the continental 
margin topography (Cacchione & Wunsch, 1974; Cacchione et al., 2002). Where the slopes are subcritical 
(    < 1) or supercritical (    > 1) the incoming internal tides will be reflected upslope (“transmissive”) 
or reflected downslope (“reflective”) respectively about the direction of the local gravity vector. However, 
when the slopes are at a critical angle (    ≈ 1), the wave energy becomes trapped along the bottom layer 
resulting in breaking of the waves and increased bottom current velocities and bottom shear stress 
(Cacchione et al., 2002; Lamb, 2014). Critical slopes are also areas of internal tide generation, where they 
interact with the barotropic tide (Balmforth et al., 2002; Zhang et al., 2008), a process which also results in 
enhanced bottom current velocities (Lamb, 2014). Such critical conditions for M2 internal tides are 
present within the Ferrol canyon head, at the location of the abraded surface, the sediment wave field and 
the contourite drifts (Fig. 8d). The steep slopes of the erosional surfaces at the canyon head walls and the 
outcropping basement ridges are supercritical (Fig. 8d). Interestingly, on the contourite terrace at the 
Ortegal Spur, the outer erosional region is characterized by near-critical conditions, while the depositional 
part of the terrace is sub-critical (Fig. 8d). It should be noted that the density profile changes during 
seasonal upwelling and downwelling events (García Lafuente et al., 2008) hence the   profile and critical 
reflection map may also display seasonal changes (Cacchione et al., 2002) which were not evaluated. 
5. Discussion 
5.1 Sedimentary and Oceanographic processes 
Detailed geomorphological analysis of the Ferrol canyon head and Ortegal Spur reveals a complex 
interplay of tectonic processes which control the large scale morphology (Maestro et al., 2013) through 
  
the uplift of large WSW-ENE oriented structural highs delimiting the submarine canyons (Fig. 3b, 4a) and 
sedimentary processes controlling the wide variety of identified seabed morphologies at a more local 
scale (Fig. 3b). Many of the observed erosional (erosional and abraded surfaces, contourite channels and 
furrows), depositional (contourite drifts and sediment waves) and mixed features (contourite terrace) 
demonstrate a dominant control of bottom currents on the sedimentary processes (Rebesco et al., 2014). 
This was first recognised by Hernández-Molina et al. (2011) who described the sedimentary architecture 
of the Ortegal Spur as a contourite depositional system (CDS) connected to the MOW. The MOW acts as a 
northward density driven slope current with a speed proportional to the density difference with the 
surrounding water masses and the slope of the topography (Price & Baringer, 1994; Baringer & Price, 
1999; Iorga & Lozier, 1999b; Legg et al., 2009; Hernández-Molina et al., 2011). The change in regional 
slope trend at the Ortegal Spur forms an obstacle to this boundary current as it flows around the Ortegal 
Spur and into the Bay of Biscay (Iorga & Lozier, 1999b; García Lafuente et al., 2008), locally enhancing its 
velocity (Hernández-Molina et al., 2011). 
The CTD data, collected before the onset of seasonal upwelling, indicates that the contemporary MOW 
reaches up to 740 m depth while the mixing zone with the overlying ENACW reaches up to 600 m (Fig. 4, 
8). However, during the upwelling season, the MOW core and mixing zone are displaced upslope by as 
much as 100 m (García Lafuente et al., 2008; Prieto et al., 2013). The identified erosional and depositional 
features in the Ferrol Canyon and A Coruña canyon heads (Fig. 3b) are thus, either continuously or 
seasonally, influenced by this water mass. It’s impact on the sedimentary regime in the Ferrol canyon head 
is indicated by the moats and mounded contourite drifts at the base of the steep erosional surfaces which 
form the canyon walls and against outcropping basement ridges (Faugères et al., 1999; Rebesco et al., 
2014). Here, the MOW density current is focused against the steep topography by the coriolis force 
(McCave, 1982), resulting locally in high bottom current velocities and erosion within the moats and along 
the steep wall (Fig. 4c). Due to bottom friction, a secondary flow (Ekman transport) develops within the 
bottom boundary layer of the current core which is oriented downslope, oblique to the main flow (Wåhlin 
& Walin, 2001; Rebesco et al., 2014). As a result, the eroded sediment is transported downslope, where 
bottom current velocities are lower and deposition results in the formation of mounded contourite drifts 
adjacent to the moats (Fig. 4c; Faugères et al., 1999; Llave et al., 2007). On the southern flank of the WSW-
ENE basement ridges and E-W oriented erosional surface, this along-slope flow is steered in a downslope 
  
direction as evidenced by moats and drifts crossing the isobaths along the base of these features (Fig. 3b). 
This downslope steering of along-slope density driven currents by topographic obstacles has been 
described from modelling and observation (Darelius & Wåhlin, 2007) and was recreated in laboratory 
experiments (Darelius, 2008). In the central part of the study area, the broad erosional and abraded 
surfaces (Fig. 3b) have a lower average slope angle and likely indicate the presence of less confined 
tabular bottom currents (Rebesco et al., 2014). Local variation in the bottom current velocities due to 
interaction with the irregular topography of the abraded surface and outcropping basement likely 
resulted in the incision of furrows with steep basinward facing walls parallel to oblique to the isobaths 
(Fig. 3b, 4b; Stow et al., 2002; Rebesco & Camerlenghi, 2008; Hernández-Molina et al., 2011; Rebesco et al., 
2014).  
The conceptual model of topographic steering of the MOW density current explains many of the along-
slope oriented features as well as slope-oblique oriented features near topographic obstacles. However, 
the sediment wave field with crests parallel to the isobaths as well as several slope-perpendicular furrows 
cannot be explained by along-slope processes and suggest a more cross-slope oriented process associated 
to the bottom currents (Fig. 3b). The sediment waves’ sinuous crest shape and dimensions are 
characteristic for sand waves which generally have wavelengths of 5-500 m and wave heights of 0.5-5 m 
(Stow et al., 2009). Their asymmetry suggest an upslope migration (Wynn & Masson, 2008). The 
assumption of sandy sediment based on the wave morphology is supported by the observation of fine to 
medium sand on the upper NW Iberian slope (Flach et al., 2002; van Weering et al., 2002). Such sand 
waves generally form under the influence of bottom currents perpendicular to the wave crests with 
velocities between 0.30-0.75 m/s (Stow et al., 2009). Furthermore, furrows crossing the isobaths on the 
abraded surface suggest cross-slope bottom current velocities > 0.30 m/s in the case of muddy sediment 
or > 0.60 m/s in case of sandy sediment (Stow et al., 2009). These features are situated on a slope critical 
to M2 internal tides (Fig. 8d) and hence an important component of the cross-slope bottom currents is 
likely generated by breaking of internal tides and formation of tidal bores upon interaction with the 
critical slopes (Cacchione et al., 2002; Lamb, 2014). Cross-slope oriented, baroclinic bottom currents up to 
0.19 m/s at M2 frequency have been reported on the open slope at 1100 m depth to the south of the study 
area (García-Lafuente et al., 2006). Within the Ferrol canyon head, such baroclinic currents are expected 
to be intensified for two reasons: (1) The position at pycnocline depth, where stratification (and hence 
  
buoyancy frequency) is at a maximum (Fig. 8c), results in an efficient conversion of barotropic to 
baroclinic tide energy over the critical slopes (Baines, 1982; Zhang et al., 2008; Vlasenko et al., 2014); (2) 
focussing of internal tides by downward reflection of incoming internal tide beams at the supercritical 
erosional surfaces of the canyon head walls (Fig. 8d) concentrates the tidal energy along the critical 
bottom layer in the canyon head below (García-Lafuente et al., 2006; Vlasenko et al., 2016). This 
interaction of tidal currents (both barotropic and baroclinic) with canyon topography has been reported 
to generate bottom currents with velocities that commonly range between 0.25-0.50 m/s (Shepard, 1975; 
Shanmugam, 2003; Pomar et al., 2012) although several authors have reported maximum velocities of up 
to 1 m/s (Lee et al., 2009; Mulder et al., 2012). This process thus generates bottom currents of sufficient 
magnitude to form the observer furrows and sediment waves in the Ferrol canyon head. Internal tide and 
wave activity has also been proposed as a formation mechanism for sediment waves near pycnoclines in 
the Bay of Biscay (Faugères et al., 2002; Delivet et al., 2016) and on other continental slopes (He et al., 
2008; Reeder et al., 2011; Preu et al., 2013; Belde et al., 2015; Ribó et al., 2016; Hernández-Molina et al., 
2017).  
Contourite terraces, like the one on the Ortegal spur (Fig. 3b, 4), are typically associated with water 
mass boundaries and their low mounded shape is the result of erosion through the persistent action of 
internal waves and tides associated with the pycnocline at these boundaries (Hernández-Molina et al., 
2009; Preu et al., 2013; Hernández-Molina et al., 2016; 2017). The Ortegal spur contourite terrace is 
situated at 200-600 m depth (Fig. 3b) above the contemporary ENACW-MOW interface (Fig. 8c). This 
suggests that the interface was in a shallower position in the past. In the present day, resuspension and 
erosion by bottom currents is restricted to the outer part of the terrace below 450 m depth (Fig. 3b, 4) 
which coincides with the upper edge of the pycnocline (Fig. 8c). The slope of this region is near-critical to 
M2 internal tides (Fig. 8d) and hence the erosional regime on the outer terrace may also be attributed to 
generation and breaking of internal tides (Lamb, 2014). The plastered drift at the base of the terrace (Fig. 
3b, 4c) is likely formed by an unconfined along-slope current over the broad erosional surface which 
transports the resuspended sediment and deposits it against the outcropping basement ridge to the north. 
In contrast, the depositional part of the terrace (Fig. 3b, 4) lies outside the present-day pycnocline (Fig. 8c) 
and slopes are subcritical (Fig. 8d). Here bottom currents are insufficient to resuspend the observed 
mixed biogenic siliciclastic sands (Fig. 6b) resulting in a depositional regime. 
  
The dominance of erosional features around the Ferrol canyon head indicates that the area is subject 
to active sediment resuspension. The resuspended sediment likely contributes significantly to the 
formation of the intermediate nepheloid layer reported at 500-800 m depth along the NW Iberian margin 
(McCave & Hall, 2002). In addition to sediment resuspended from the shelf-edge (McCave & Hall, 2002; 
van Weering et al., 2002), the Ferrol canyon head might act as an important source area for sediment 
transported to the deeper ocean. If this is the case, it likely also contributes sediments to the large 
plastered drift of the Ortegal CDS located downslope (Llave et al., 2015). 
5.2 mini-mounds 
5.2.1 Early stage CWC mounds 
The observed association of fossil L. pertusa rubble with the mini-mounds (Fig. 7a, 7c) suggests that 
these seafloor elevations are biogenic structures formed by CWC growth. This cover of fossil CWC rubble 
explains the higher backscatter intensities observed on top of many of the mounds (Fig. 3a, 6d). CWC reefs 
are thought to initiate by settling of coral larvae on firm and preferentially elevated substrate (Wheeler et 
al., 2007; de Haas et al., 2009). As the reef grows, the older polyps at the bottom of the coral framework 
die and the exposed skeleton becomes susceptible to bio erosion (Beuck & Freiwald, 2005). The resulting 
coral rubble falls down and extends the perimeter of the reef patch, providing settle ground for new 
generations of larvae (Roberts et al., 2006). The coral framework slows down the bottom currents by 
frictional drag and thus baffles bypassing sediment. This locally enhances sedimentation rates and results 
in the formation of a mounded biogenic structure (Dorschel et al., 2005; de Haas et al., 2009; Mienis et al., 
2009; Eisele et al., 2014). If favourable conditions for coral growth are present or recurrent over long time 
scales, individual reefs are able to coalesce and form giant mounds (e.g. Belgica Mound Province; De Mol et 
al., 2005) which have a “developed morphology” shaped by the prevailing hydrodynamic conditions 
(Wheeler et al., 2007). However, in the early stages of this process, the mound will have a more or less 
“inherited morphology”, which resembles that of the initially colonized substrate (Wheeler et al., 2007). 
The mini-mounds near the Ferrol canyon head, with their limited elevation (1.9-2.7 m) and lack of 
subsurface expression (Fig. 5c), likely resulted from a short-lived episode of mound development and 
hence belong to the latter category.  
  
Contemporary analogues for such early stage CWC mini-mounds were reported in the Porcupine 
Seabight (Moira Mounds; Foubert et al., 2011; Wheeler et al., 2011), in the Rockall Through (Darwin 
Mounds; Huvenne et al., 2009a; Victorero et al., 2016) and on the Galicia Bank (Somoza et al., 2014). In 
contrast to these mounds, which support a living CWC framework, no living coral was observed on the 
explored Ferrol Canyon mini-mounds (Fig. 6c). The cessation of CWC growth, likely resulting from a 
change to unfavourable environmental conditions (see section 5.2.3), led to the collapse of the reef 
framework after which it becomes filled in with sediment. Erosion by bottom currents or organisms living 
on top of the extinct mound then resulted in the observed seafloor facies of mostly buried L. pertusa 
framework and rubble on the mini-mounds (Fig. 6a; Dorschel et al., 2005; Douarin et al., 2014). Such relict 
CWC mini-mounds with comparable dimensions (50-250 m in diameter, < 10 m high) have been reported 
at similar water depths (250-550 m) near the head of submarine canyons in the Bay of Biscay: Celtic 
margin (Stewart et al., 2014); Armorican margin (De Mol et al., 2011) and Cantabrian margin (Sánchez et 
al., 2014). 
5.2.2 Role of seepage 
The close proximity of the pockmark field upslope from the southern mini-mounds triggers the 
question whether there is a genetic link between these features. The Ortegal Spur pockmarks are thought 
to be created by seepage of thermogenic gas and/or other pore fluids from Late Cretaceous units 
migrating upwards along basement faults (Jané et al., 2010) which also underlie the mini-mounds (Fig. 
3b). The observation of seismic anomalies (Løseth et al., 2009) suggests vertical and lateral fluid 
migration below both the pockmarks and some of the mounds (Fig. 5), indicating a potential role of 
seepage processes in mini-mound formation. 
Mound morphology and spatial distribution, expected to be inherited from the colonized feature 
(Wheeler et al., 2007), is not significantly different between the southern mini-mounds and the adjacent 
pockmarks (Table 3; Fig. 7). Pre-existing pockmarks may thus have provided preferential colonization 
surfaces for CWC larvae. Authigenic carbonate cementation of soft sediments, often found in pockmarks 
and other seepage sites (Friedman et al., 1988; Hovland & Judd, 1988; Boetius et al., 2000; Greinert et al., 
2001; Magalhães et al., 2012) could have provided hard grounds, required for the attachment of coral 
polyps and the initiation of reef growth (Wheeler et al., 2007; de Haas et al., 2009). Although no direct 
seafloor observation of authigenic carbonate slabs in the Ortegal Spur pockmarks have been made, their 
  
presence could explain the observed patches of higher backscatter intensities on the slopes and rim of 
these features. This process, where seepage features influence CWC mound initiation, has been proposed 
for several CWC mound provinces (Kellogg et al., 2009; Wehrmann et al., 2011; Magalhães et al., 2012; 
Somoza et al., 2014). 
In contrast, the smaller and more clustered northern mini-mounds have a significantly different 
morphology from both the southern mini-mounds and the pockmarks (Table 3; Fig. 7). These mounds 
have a similar degree of clustering as observed for mini-mounds on the Celtic (Stewart et al., 2014) and 
Armorican margin (De Mol et al., 2011) where pockmarks have not been identified. In the absence of pre-
existing pockmarks, these mounds may have initiated by larvae colonization on smaller firm features like 
dropstones (Wheeler et al., 2007; Victorero et al., 2016). This process however is not exclusive to the 
northern region and may be responsible for some of the smaller southern mini-mounds or mounds not 
associated with fluid migration (right mound in Fig. 5c). 
5.2.3 Role of oceanographic conditions and anthropogenic impact 
The coral mini-mounds are situated within the ENACW water mass at temperatures of 10.8-11.4° C 
and salinity of 35.6-35.7 (Fig. 8a). This falls within the wide range of temperature (4-14° C) and salinity 
(32-38.9) reported for living cold-water corals in the NE Atlantic (Rogers, 1999; Freiwald et al., 2004; 
2009). The depth range of the mini-mound province overlaps with the upper edge of the pycnocline (Fig. 
8c) at 500 m depth which marks the transition between the erosional and depositional region of the 
contourite terrace (Fig. 3b). The lower part of the coral mound province (below 500 m depth) is thus 
situated on the erosional region where bottom currents are sufficient to cause resuspension (Fig. 3b). A 
vigorous bottom current regime like the one observed within the Ferrol canyon head, is important to 
sustain CWC reefs (White & Dorschel, 2010; Mohn et al., 2014; van Haren et al., 2014) as it significantly 
enhances the encounter rate of food particles and prevents the corals from being smothered by sediment 
(White et al., 2005; Dorschel et al., 2007; Davies & Guinotte, 2011; Mienis et al., 2012a; 2012b). Nepheloid 
layers generated by the bottom currents in this depth interval of the NW Iberian margin have been 
reported by McCave and Hall (2002). Concentration of organic material within these turbulent layers has 
been linked to coral occurrence (e.g. Mienis et al., 2007). In contrast, the upper part of the coral mound 
province (above 500 m depth) is located on the depositional part of the contourite terrace where bottom 
current velocities are lower and deposition dominates. Conditions in the upper region of the minimound 
  
province are thus unfavourable for coral growth, which is supported by the lack of living L. pertusa 
observed on the mounds in this area (Fig. 6a). If bottom currents were the only limiting factor on coral 
growth, mound development may still be an on-going process on the lower region which was not 
explored. However, other factors like low primary production, lack of active larval supply and/or 
anthropogenic impact may also prevent contemporary coral growth on the mini-mounds. Present day 
primary production along the Iberian margin is generally high due to the upwelling regime (Bernárdez et 
al., 2008; Salgueiro et al., 2008) and unlikely to be a limiting factor. In contrast, the potential density 
envelope σθ =27.35-27.65 kg/m3, suggested to control larvae transport along the NE Atlantic margin 
(Dullo et al., 2008; Flögel et al., 2014; Rüggeberg et al., 2016), is located outside the mini-mound province 
at the interface between the ENACW and MOW water mass (600-950 m depth; Fig. 8c). The observation of 
a living specimen of Madrepora oculata in the Ferrol canyon head at 750 m depth (Fig. 4b in Hernández-
Molina et al., 2010) indicates that conditions in this depth interval are indeed able to sustain CWC growth. 
Hence, the fossil mini-mounds are potentially cut off from larval supply inhibiting recolonization of the 
structures. In addition, the lack of contemporary coral growth might also be related to habitat destruction 
by bottom trawling (Roberts et al., 2006) as the NW Iberian shelf and upper slope have been subject to 
extensive fishing activities for several decades (Oberle et al., 2016). Influence of bottom trawling on 
similar mini-mounds on the Celtic margin has been confirmed by the frequent seafloor observation of 
trawl marks (Stewart & Davies, 2007) which potentially explains the highly fragmented and exposed L. 
pertusa rubble accumulations observed on these mounds (Stewart et al., 2014). In comparison, no trawl 
marks were encountered on the Ortegal Spur mini-mound province and the observation of large, buried L. 
pertusa framework (Fig. 6a) suggests a relatively undisturbed seafloor. However, based on the limited 
explored area (Fig. 6c), the potential impact of trawl fishing and its role in the absence of active CWC 
growth cannot be ruled out. 
5.2.4 Timing and palaeoceanographic implications 
The abundance of CWC mini-mounds at 400-550 m water depth indicates that during mound 
development this area hosted optimal conditions for coral growth. This implies that the pycnocline and 
the potential density envelope associated with the ENACW-MOW interface was up to 100-200 m 
shallower than today. When the density profile changed towards its contemporary configuration, CWC 
likely migrated to more favourable conditions within the Ferrol canyon head, causing the mini-mounds to 
  
become relict features. Alternatively, the introduction of bottom trawling on the upper NW Iberian slope 
might also have forced this migration as the rough topography in the canyon head provides shelter from 
trawling activities. A CWC migration into submarine canyons was also reported on the Celtic (Stewart et 
al., 2014), Armorican (De Mol et al., 2011) and Cantabrian margin (Sánchez et al., 2014). The small 
dimensions and lack of subsurface expression of the mound structures indicates that they likely developed 
as a result of a short-lived episode of coral growth during the Holocene. U-Th dating of a single L. pertusa 
branch (9.64-9.34 ± 0.03 ka BP) indicates mound growth was active during the early Holocene. 
Interestingly, similar ages (9.1-7.4 ka BP) have been reported for the fossil mini-mounds at 250-360 m 
depth on the Armorican margin (De Mol et al., 2011). Although these preliminary ages suggest a natural 
cause for the CWC migration, there is a need for a better age constraint on the CWC mini-mound 
development to rule out an anthropogenic impact. 
Considering the available data, we propose the hypothesis that the development of CWC mini-mounds 
in shallow areas, reported here and on other sites along the Bay of Biscay margin was a regional 
phenomenon as a result of a shallower ENACW-MOW water mass interface during the early Holocene. The 
settling depth of the MOW and hence the ENACW-MOW interface has been subject to large changes in the 
past (Schönfeld & Zahn, 2000; Rogerson et al., 2011; 2012) and is mainly controlled by NE Atlantic density 
profile changes connected to the Atlantic Meridional Overturning Circulation (AMOC; Rogerson et al., 
2011; 2012). The early Holocene is characterized by an overall increased AMOC intensity compared to the 
LGM and late Holocene as evidenced by several records of Nordic sea overflow (Kissel et al., 2013; 
Thornalley et al., 2013) and North Atlantic Deep Water export (McManus et al., 2004; Lippold et al., 2016). 
This is expected to have increased the vertical density gradient within the North Atlantic over several 
millennia (Rogerson et al., 2011), resulting in a decreased settling depth of the ENACW-MOW interface 
during time of mini-mound development. The present day water mass configuration on the Iberian margin 
was established between 7.5 and 5.5 ka when the MOW core retreated to 800 m (Schönfeld & Zahn, 2000) 
which shifted the favourable conditions for CWC growth to deeper water depth. 
6. Conclusions 
This study has described the geomorphological features and oceanographic conditions of the Ferrol 
canyon head and the Ortegal Spur on the NW Iberian upper slope. The identified erosional (erosive and 
  
abraded surfaces, contourite channels and furrows), depositional (contourite drifts and sediment waves) 
and mixed (contourite terrace) features indicate that sedimentary processes near the canyon head are 
predominantly controlled by bottom currents. These currents result from the topographic steering of the 
density driven MOW slope current and from interaction between the canyon head topography and M2 
internal tides associated with the pycnocline at the ENACW-MOW interface. Active resuspension within 
the Ferrol canyon head likely contributes to INL formation and sediment transport to the deeper ocean. 
Furthermore, this study has characterized a new province of CWC mini-mounds on a contourite 
terrace at the edge of the Ferrol canyon head. A novel morphometric approach based on semi-automated 
mapping and multivariate statistics was applied in order to generate further insights in the relation 
between the CWC mini-mounds and the Ortegal Spur pockmarks and explain the observed differences in 
the spatial distribution and morphology. The relict mini-mounds occur upslope from the contemporary 
ENACW-MOW interface, situated within the canyon head, where enhanced bottom currents and potential 
density favour CWC growth. Although the position outside of these favourable conditions potentially 
explains the absence of contemporary coral growth on the mini-mounds, the impact of bottom trawling 
cannot be ruled out. A preliminary age constraint (9.64-9.34 ± 0.03 ka BP) reveals coral growth occurred 
during the early Holocene, coeval to relict CWC mini-mounds in a similar setting on the Armorican margin. 
The existence of these CWC mini-mounds suggests a regional shift in the NE Atlantic density profile, 
resulting in an early Holocene ENACW-MOW interface which was up to 200 m shallower than in the 
present. This is potentially connected to an increased AMOC intensity during the early Holocene. As CWC 
mounds are great paleoclimate archives, further investigation of these mini-mounds could provide key 
insights in MOW paleoceanography and its influence along the NE Atlantic margin. Furthermore, 
additional coral dating will allow to distinguish between a natural or an anthropogenic cause for the CWC 
demise in this setting. 
This contribution highlights the important role of bottom current processes on the sedimentary 
environment in and around canyon heads located on the upper slope and adds to a growing body of 
research which aims to better understand these processes and their relation to different oceanographic 
phenomena. 
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Figure 1: Location of the study area on the outer Ortegal Spur and Ferrol Canyon head at the NW Iberian 
margin. Contour lines are drawn at 100 m interval. (A) Geological map modified from Lamboy and Dupeuble 
(1975) with the tectonic setting modified from Boillot and Malod (1988). The dotted lines represent the canyon 
axes after Maestro et al. (2013). (B) Main water masses and circulation pattern in the upper 1500 m of the 
water column: MOW = Mediterranean Outflow Water, modified from Iorga and Lozier (1999a); ENACWst = 
subtropical Eastern North Atlantic Central Water; ENACWsp = subpolar Eastern North Atlantic Central Water; 
PC = Portugal Current; PCC = Portugal Coastal Current; IPCs = Iberian Poleward Current system and Finisterre 
Front modified from Varela et al. (2005). 
 
Figure 2: Multibeam bathymetry map of the study area with locations of the reflection seismic profiles, ROV 
dives, CTD casts and references to figures. 
 
Figure 3: (A) Mosaic of high resolution multibeam backscatter intensities; (B) geomorphologic analysis of the 
study area; basement structures and faults were modified from Boillot and Malod (1988). 
 
Figure 4: Sparker reflection seismic profiles (for locations see Fig. 2). (A) N-S profile over the contourite terrace 
with an associated plastered drift and a moat at its lower edge. The acoustic basement (AB) is affected by 
several normal faults forming a horst structure and a tilted block. (B) W-E profile over the contourite terrace, 
erosional surface and abraded surface incised by several furrows. (C) W-E profile over the contourite terrace, 
erosional surface and mounded elongated and separated drift with associated moat. Hydrographic panels are 
based on WOD13 CTD data collected between March and May (1990-1996) and two CTD casts collected in May 
2009: Practical Salinity (colour shading) and Temperature in °C (contours). ENACW = Eastern North Atlantic 
Central Water; MOW= Mediterranean Outflow Water. 
 
  
Figure 5: Seismic anomalies related to fluid migration (for locations see Fig. 2): (A) Large pockmark and elevated 
rim with an underlying vertical wipe out zone, bright spots and vertical dim zones. (B) Pockmark with an 
associated wipe out zone, intra-sedimentary doming and vertical dim zones. (C) Mini-mounds on the Ortegal 
Spur terrace to the south of the Ferrol Canyon head. Left mini-mound positioned above reflection pull-up, dim 
spots, vertical discontinuity and dim zones. 
 
Figure 6: ROV observations over the mini-mounds: (A) Example image of mound facies: bioturbated seafloor 
with mixed bioclastic and siliciclastic sands with buried L. pertusa framework and scattered coral rubble; (B) 
Example image of off-mound facies: bioturbated seafloor with mixed bioclastic and siliciclastic sands. (C) 
Detailed hill shaded bathymetry map of identified mini-mounds (for location see Fig. 2) with mapped feature 
outline, seafloor facies interpretations documented in (A) and (B) and location of the L. pertusa sample ; (D) 
Detailed backscatter intensity map. 
 
Figure 7: Scatterplot of the principal components (A) PC1 vs. PC2 and (B) PC1 vs. PC3. Ellipses contain 95% of 
data points of each group. Red arrows represent the loadings of the different morphological characteristics on 
each of the principal components: mean_diam = mean diameter, nn_dist = nearest neighbor distance, 
w_l_ratio = width to length ratio, azimuth = the azimuth of the long axis. 
 
Figure 8: (A) Salinity and temperature profile of CTD1 (full line) and CTD 2 (dashed line; for location see Fig. 2) 
with indication of the water masses: ENACW = Eastern North Atlantic Central Water; MOW = Mediterranean 
Outflow Water. (B) ϴ-S plot of CTD1 with potential density contours. The black lines indicate mixing triangles 
and the blue dots represent reference points for the different water mass end-members: (1) lower end of 
ENACW of subtropical origin (Harvey, 1982); (2) lower end of ENACW of sub polar origin (Castro et al., 1998); 
(3) lower core of MOW in Cape St-Vincent (Ambar and Howe, 1979); (4) Labrador Sea Water (LSW) 
(Cunningham and Haine, 1995; Talley and McCartney, 1982). (C) Potential density σθ and buoyancy frequency N 
profile of CTD1 (full line) and CTD2 (dashed line). The vertical blue box indicates the potential density range σθ 
  
=27.35-27.65 kg/m
3
. (D) Map of the M2 internal tide reflection condition     with   the slope of the 
topography and   the characteristic angle of the incoming internal tides. The dark grey zones represent the 
MOW core where the fraction of (3) is greater than 40%. The light grey zones represents the ENACW-MOW 
mixing zone where the fraction of (3) is between 20% and 40%. The yellow zones corresponds to the depth 
interval of the mini-mounds. 
 
  
 
  
 
  
 
  
 
  
 
 
 
  
  
  
  
 
group n water depth 
m 
diameter 
m 
height/depth 
m 
slope 
° 
nearest neighbour 
m 
pockmarks 55 270-443 85 [58-121] 2.05 [1.36-3.68] 4.13 [2.82-5.81] 901 [423-1169] 
southern  
mini-mounds 
54 418-534 131 [81-167] 2.24 [1.7-3.06] 3.27 [2.72-4.12] 491 [233-910] 
northern  
mini-mounds 
117 431-554 74 [53-97] 1.77 [1.16-3.08] 3.07 [2.37-3.8] 161 [108-272] 
Table 1: Number of identified features, water depth range and morphological characteristics (noted as 
median [interquartile range]) of the different groups. 
 
Sample 
ID 
[
238
U] 
ppm 
[
232
Th] 
ppb 
δ
234
UM 
 ‰ (measured) 
230
Th/
238
U 
activity ratio 
230
Th/
232
Th 
activity ratio 
U/Th Age 
ka BP 
δ
234
U0 
‰ (initial) 
B09-11-1 3.370 ± 0.005 0.1492 ± 0.0001 146.81 ± 0.93 0.0978 ± 0.0001 6743.4 ± 10.3 9.640 ± 0.029 150.89 ± 0.95 
B09-11-2 3.450 ± 0.003 0.2480 ± 0.0001 147.13 ± 0.78 0.0950 ± 0.0001 4036.7 ± 04.9 9.338 ± 0.027 151.09 ± 0.80 
B09-11-3 3.792 ± 0.004 0.3759 ± 0.0002 145.62 ± 0.86 0.0951 ± 0.0001 2928.3 ± 03.5 9.351 ± 0.032 149.55 ± 0.88 
Table 2: U/Th dating results δ234U =([234 U/238U]−1) × 1000.  
 
Groups in PERMANOVA test pseudo-F statistic permutational P-value 
(10000 permutations) 
all 52.32 0.0001 
pockmarks - southern mini-mounds 5.64 0.0174 
pockmarks - northern mini-mounds 117.13 0.0001 
northern mini-mounds - southern mini-mounds 60.159 0.0001 
Table 3: Results of PERMANOVA test for all groups and follow-up pairwise tests. 
 
  
  
Highlights : 
 Sedimentary processes in the Ferrol Canyon head are affected by bottom currents  
 Bottom currents result from MOW and internal tide interaction with the canyon head 
 Relict CWC mini-mounds occur upslope from favourable conditions in the canyon head 
 Pockmarks provided preferential colonization surfaces for CWC mini-mound initiation 
 An early Holocene shift of the ENACW-MOW interface is proposed based on CWC mini-mounds 
 
